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Abstract 
Now a days, many researchers are focussing on renewable energy sources due to the fact that 
the cost of fuel is growing up in day to day activity and to decrease or limit environmental 
effects. Among renewable energy sources, photovoltaic, steam, and wind energies are listed 
while the focus of this work is wind energy. Wind energy is one of the fastest growing up 
energy source due to its cost effectiveness and about 15% of world wind can satisfy the need 
of electricity of the world according to the researchers. 
 In this work, direct adaptive fuzzy proportional integral strategy for a combined maximum 
power point tracking (MPPT)-pitch angle control of variable speed wind turbine is proposed. 
Among different techniques of MPPT, tip speed ratio MPPT method is chosen here. The basic 
idea of the proposed MPPT technique is to retrieve the optimal generator reference speed for 
any instantaneous value of the wind speed during partial load region and a pitch angle control 
is activated to regulate the generator output power or speed in the case of full load region. The 
other contribution of this thesis is that instead of conventional PI controller, adaptive fuzzy PI 
controller is employed which decreases the dependency on system parameters significantly.  
Permanent magnet synchronous generator (PMSG) is selected for wind turbine due to its self-
excitation property which allows operation at high power factor and efficiency. The 
effectiveness of the proposed system is tested through a computer simulation. The software 
used to test the effectiveness of the proposed system is MATLAB/Simulink. The outcomes of 
the system through the proposed system are compared to the results of the system by 
conventional controller and shows better result.  
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CHAPTER ONE 
Introduction 
1.1. Background 
There is a dramatically increasing desire to exploit renewable energy as a clean and widely 
available alternative to fossil fuels for the aim of generating electrical power [1]. The needs 
increasing of energy and the harmful impact on the environment caused by fossil fuels (such 
as pollution, acid rain and the greenhouse effect) made renewable energies a very important 
solution. In renewable energy or power generation, it is clear that wind energy is the leading 
and the fastest growing technology in the world for the reason that world has huge resources 
of wind energy, Accordingly the researchers taking about 10-15% of the wind energy available 
could supply all the electricity need of the world [2],[3]. For the last few years, the speed of 
wind turbine blades changed with the velocity of the wind. But it is difficult to achieve 
maximum efficiency in fixed speed wind turbines. Although the optimal torque or power can 
be calculated easily, however, due to the inertia of the mechanical system, it is not possible to 
achieve instantaneous tracking as the wind velocity is changing rapidly. This situation becomes 
even worse when the wind speed is in the low speed region where the acceleration or 
deceleration torque is rather small if an existing MPPT controller is adopted. As a result, the 
extracted energy in fact is significantly less than the maximum energy available [1], [4]-[7]. 
To overcome this problem, a variable speed wind turbine with a novel MPPT controller is 
proposed in this work. Direct Adaptive fuzzy PI strategy for combined MPPT-pitch angle 
controllers is applied in this work to tap maximum energy so that both economic and 
technological efficiency is achieved. The proposed MPPT technique is used to retrieve the 
optimal generator reference speed (meaning the speed corresponding to the maximum 
generable power) for any instantaneous value of the wind speed below the rated value and  
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a pitch angle control is activated to regulate the generator output power or speed when the wind 
speed exceeds the rated value [8]-[18].  
Among many MPPT algorithms, tip speed ratio (TSR) method is applied in this work. TSR 
indicates there is a specific ratio point where the extracted power is maximum.  
In TSR control method, as the wind speed changes immediately, the rotational speed must be 
changed accordingly to maintain the optimal TSR at all times. That is TSR control method 
regulates the rotational speed of the generator in order to maintain the TSR to an optimum 
value at which power extracted is maximum [19]-[22]. This method requires both the wind 
speed and the turbine speed to be measured or estimated in addition to requiring the knowledge 
of optimum TSR of the turbine in order for the system to be able to extract maximum possible 
power. The advantages of the proposed MPPT method is that no knowledge of the electrical 
generator optimal power characteristic is required and the wind generator operates at a variable 
speed. The other contribution of this work is that instead of PI controller, direct adaptive fuzzy 
PI controller is employed which decreases the dependency on system parameters significantly. 
Permanent magnet synchronous generator (PMSG) is advantageous for wind turbines due to 
its self-excitation property which allows operation at high power factor and efficiency [1], [3], 
and it is proposed here. The proposed control algorithm allows the generator to track the 
optimal operation points of the wind turbine system under fluctuating wind conditions and the 
tracking process speeds up over time. It is essential to design a controller that can track the 
maximum peak of energy regardless of wind speed change. Therefore, a direct adaptive fuzzy 
proportional integral (PI) controller during the MPPT process through tuning duty cycle of the 
converter for permanent magnet synchronous generator driven by a wind turbine and a pitch 
angle control is proposed. Finally a systematic analysis of the system with MATLAB/Simulink 
software is presented. 
3 
 
1.2. Statement of the Problem 
Even though a number of researches have been done about extraction of maximum power from 
wind, but still the wind energy conversion system (WECS) needs additional improvement so 
as to get the most optimal output due to the reason that a unique limitation of WECS is their 
inability to track peak power production efficiently at varying wind speeds. For the last few 
years, a number of techniques or controllers have been applied to extract maximum power from 
wind by controlling the duty cycle of the converter. Among those approaches, conventional PI 
and fuzzy logic are used independently. But both PI and fuzzy logic have their own drawbacks. 
For instant the use of poorly tuned parameters in conventional PI controller is a common 
problem. Clearly, several limitations are encountered in the existing works like lack of 
improvement controller in MPPT algorithm and use of conventional controllers. To increase 
the extracted power from the available wind speed, currently, world installed large rotor blades 
which causes a mechanical damage on a wind turbine due to the fact that an increase in loads 
as the size of the rotor blade increases. This mechanical damage in turn can result a short life 
span and low efficiency of the wind turbine. But with the help of good pitch angle controller, 
the rotor blade can be exposed to the limited wind by varying the pitch angle with respect to 
the speed of the wind. So, in this thesis, adaptive fuzzy PI controller is employed to drive the 
pitch angle of the blades. Consequently, a combined MPPT-pitch angle control for variable 
speed wind turbine by direct adaptive fuzzy proportional integral controller is proposed in this 
work. The aim of this work is to create an intelligent combination between two controls, MPPT 
and pitch angle, to get the best benefit from the wind energy with a good optimization and 
improved performance.  
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1.3. Objectives of the Study 
1.3.1. General Objective 
The main objective of this thesis work is to extract maximum power from the available wind 
and compare the performance of the combined MPPT –pitch angle control by direct adaptive 
fuzzy PI controller with conventional PI controller. 
1.3.2. Specific Objectives 
 To analyse the model of PMSG which is appropriate to the overall proposed 
system. 
 To design pitch angle control strategy. 
 To improve MPPT by direct adaptive fuzzy PI controller for variable speed wind 
turbine. 
 To study and analyse overall wind energy conversion system. 
1.4. Methodology 
The engineering approaches followed here is discussed as follows. Firstly, reading and analysis 
different literatures related to this thesis. Hereafter, taking the most important ones and use 
them as standing base so as to save both time and energy and formulate the problems and 
specify the main and specific objective of the proposed work. Next to this move forward to 
proceed the mathematical model of both the permanent magnet synchronous generator and 
wind turbine. This is followed by studding the basic working principle of uncontrolled rectifier 
and the boost DC to DC converter.  The parameter selection of the boost converter also held. 
Later on, a detail understanding of controller design development which is like adaptive fuzzy 
proportional integral for a proposed system is conducted.  
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Finally comparison between the result of the proposed controller and conventional proportional 
controller (PI) is discussed in MATLAB/Simulink. At the end, conclusion and future work 
recommendations of the thesis is summarized. 
1.5. Thesis Organization 
The thesis is organized as follows. The first chapter of the thesis provides background of study, 
statement of the problem, objective of the study and the methodology leading toward the 
completion of the thesis. In chapter two general description of the proposed system parts as 
well as related existing works of the thesis are assessed.  The third chapter describes the model 
of the system which is permanent magnet synchronous generator model (including the general 
working principles of a power electronics converters) and wind turbine model. In chapter four 
the control methods of pitch angle and MPPT using adaptive fuzzy PI are covered. Chapter 
five provides simulation result and discussion of a proposed system. Finally, conclusion and 
future work are drawn in chapter six.  
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CHAPTER TWO 
Literature Review 
The aim of this chapter is to provide a background about the thesis. Existing works in pitch 
angle control as well as MPPT techniques will be asses. Horizontal axis versus vertical axis 
wind turbine type, fixed pitch versus variable pitch wind turbine and comparison of wind 
turbine generators are also covered.  
2.1. General Description of WECS 
Now a day’s wind energy is the most acceptable and efficient energy source. The purpose of 
the turbine is to capture the kinetic energy from the wind and then converts it to the usable 
form of electrical energy. Wind is a sustainable energy source since it is renewable, widely 
distributed, and plentiful. In addition, it contributes to reducing the greenhouse gas emissions 
since it can be used as an alternative to fossil-fuel-based power generation. The kinetic energy 
of winds rotates the blades of a wind turbine. The blades are connected to a shaft. The shaft is 
coupled to an electric generator. The generator converts the mechanical power into electrical 
power [3].The general block diagram of wind energy conversion system from turbine to 
generator is shown in figure. 2.1.  
                                               Turbine blade 
 
  Shaft                                  Generator 
 
   
 
                                                             
Figure 2. 1. General block diagram of WECS from turbine to generator 
Wind 
Speed 
Kinetic 
Energy 
Mechanical 
Energy 
Electrical 
Energy 
energy 
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The selection of the number of wind turbine blades is not an easy way. Three blade systems 
cost in excess of two blade systems, yet two blade wind generators have to operate on higher 
rotational speeds than three blade ones [23]. Wind turbines has different classifications. 
  These are: 
 depending on the size of  blade radius 
 depending on the position of blades 
 depending on its pitch type 
Depending on size of blade radius, wind turbines can be classified as small, medium and large. 
It ranges from a few kilo watt for residential to a megawatts for a large wind farms. Small to 
medium wind turbines range to a few hundred kilo watts and mostly they are installed at home 
and business to offset the consumption of utility power [2], [3]. Table 2.1.summarizes 
classification of wind turbines depending on the size of blades. 
Table 2. 1. Blade size of market available wind turbines. 
Wind turbine type (size) Blade diameter (m) Generated power (kw) 
          Small scale  up to 6            up to 20 
 Medium scale 7-20 up to 300 
          Large scale  above 126    9500 
 
The extracted power can be given by [3]  
𝑝𝑒𝑥𝑡𝑟𝑎𝑐𝑡 =
1
2
𝜋𝑅2
𝑉𝑎 + 𝑉𝑏
2
(𝑉𝑏
2 − 𝑉𝑎
2)                                                                     (2.1) 
Where  
             𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡 is the maximum power can be extracted from the wind 
              𝑉𝑎 is the wind speed after passing the turbine 
             𝑉𝑏 is the wind speed before passing the turbine 
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             𝑎𝑛𝑑 𝑅 are the air density and radius of the blade respectively  
Then the efficiency can be calculated as  
 𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 =   
𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑
𝑃𝑡𝑜𝑡𝑎𝑙
 
Where  
       𝑃𝑡𝑜𝑡𝑎𝑙 =
1
2
𝜋𝑅2𝑉𝑏
3                                                                                                (2.2) 
From equation 2.1 and 2.2, the ratio of extracted power to the total power is  
      
𝑝𝑒𝑥𝑡𝑟𝑎𝑐𝑡
𝑃𝑡𝑜𝑡𝑎𝑙
=   
𝑉𝑎 + 𝑉𝑏
2
(𝑉𝑏
2 − 𝑉𝑎
2)
𝑉𝑏
3 =
1
2
(1 −
𝑉𝑎
2
𝑉𝑏
2) (1 +
𝑉𝑎
𝑉𝑏
)                             (  2.3) 
For maximum power extraction 
𝑑(𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡/𝑃𝑡𝑜𝑡𝑎𝑙)
𝑑 𝑉𝑎/𝑉𝑏
= 0 
𝑑(𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡/𝑃𝑡𝑜𝑡𝑎𝑙)
𝑑 𝑉𝑎/𝑉𝑏
=
1
2
[−3 
 𝑉𝑎
2
𝑉𝑏
2 − 2
𝑉𝑎
𝑉𝑏
+ 1]= 0                                                     (2.4) 
Solving the quadratic equation 3𝑎2 + 2𝑎 − 1,𝑤ℎ𝑒𝑟𝑒 𝑎 = 𝑉𝑎/𝑉𝑏 from equation 2.4 for  𝑎    
yields. 
𝑎 =
𝑉𝑎
  𝑉𝑏
=
1
3
 
Then substituting the values 
𝑉𝑎
𝑉𝑏
=
1
3
  𝑖𝑛 𝑡𝑜  equation 2.3 we get 
 
𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡
𝑃𝑡𝑜𝑡𝑎𝑙
=
1
2
[(1 − (
1
3
)
2
) (1 +
1
3
)] 
 
𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡
𝑃𝑡𝑜𝑡𝑎𝑙
=
16
27
= 0.593 = 59.3% 
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This indicates that it is not possible to extract all wind energy available from wind since the 
wind speed after the turbine cannot be zero. The constant 0.593 is commonly known as the 
optimal power coefficient which is discussed in detail in the next chapter. 
2.2. Fixed Pitch versus Variable Pitch Wind Turbine 
In fixed pitch type wind turbines it is possible to extract maximum power especially when the 
wind speed is below rated value. But the main problem is using a fixed pitch wind turbine cause 
hard fatigue and damage on the entire system of the turbine system when the wind speed gets 
above the rated value. Due to this reason a variable pitch wind turbine is preferable currently. 
The pitch angle control is usually applied for medium to large type wind turbines [6]. The 
performance coefficient, 𝐶𝑝 and therefore power production from the turbine is strongly 
influenced by variation of the blade pitch relative to the direction of the wind or the plane of 
rotation [24]. This provides the degree of control of the blade to improve the efficiency of the 
power conversion or to protect the generator as well as the turbine from fatigue and damage. 
When the wind speed is at rated and below, then the optimal angle of attack of the blade is 
taken so that to expose the blade fully to the upcoming wind speed in order to extract maximum 
power from the wind available. For a wind speed above the nominal value, the pitch control 
mechanism is activated to limit and regulate the output power. A pitch range of 20-25 degree 
is usually sufficient [2]. 
The pitch control mechanism can be either hydraulic or electric .The electric pitch actuator are 
more common nowadays, since they are simpler and require less maintenance and it is proposed 
for this work. The pitch servo transfer function is modelled with a first order system with a 
time constant, Td. Usually Td is ranging from 0.2 sec to 0.25 sec [25]. The pitch rate 
commanded by the actuator is physically limited usually between ±10o/s. 
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2.3. Horizontal Axis versus Vertical Axis Wind Turbine 
Depending on the axis position, a wind turbine is classified as horizontal axis and vertical axis. 
Horizontal axis wind turbine are more common and have a horizontal positioned shaft which 
helps ease the conversion of the wind’s linear energy into a rotational one. However a vertical 
axis wind turbine have a vertical positioned shaft [3]. Table 2.2 summarizes the comparison of 
vertical axis versus horizontal axis wind turbine. 
 
Figure 2. 2. Blade position difference between vertical and horizontal axis wind turbines [28] 
Table 2. 2. Comparison between vertical axis and horizontal axis wind turbine [2], [3] 
Turbine 
type 
Advantage Disadvantage 
Horizontal 
axis 
 Higher wind energy conversion  
efficiency 
 Access to stronger wind due to 
high power 
 Power regulation by pitch angle 
control 
 Higher installation cost, 
stronger tower to 
support heavy weight of 
nacelle 
 Longer cable from the 
top of tower to ground 
Vertical     
axis 
 Lower installation and easier 
maintenance due to  the ground 
level gearbox and generator 
 Operation independent of wind 
direction 
 Lower wind energy 
conversion efficiency 
 Limited options for 
power regulation at high 
wind speeds 
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2.4. Overview on Different Techniques of MPPT 
For a more efficient WPGS, a MPPT control strategy is necessary for maximizing the output 
power. Different MPPT techniques of WECS have been encountered in the literature. Basically 
the most commons are power signal feedback, hill clamping search and tip speed ratio. And 
now a days intelligent controller based MPPT control (such as fuzzy logic) has been proposed 
in different literatures. In both power signal feedback and hill climb methods of MPPT the 
turbine power curve needed. However, in tip speed ratio based MPPT the turbine optimal tip 
speed ratio and wind speed is needed [23]. A more detail about thus MPPT techniques have 
been explained in chapter four.    
2.5. Review of Related Works 
One of the obvious problems of a WECS is its low efficiency. So in the partial load region it is 
necessary to use a maximum power extraction algorithm. In [6], conventional controller like 
proportional derivative (PD) based MPPT is presented. However, a number of short comings 
have been encountered. The trial-and-error design procedure used to determine the P, I, and D 
gains presents a possibility for poorly tuned controller gains, which reduces the accuracy and 
the dynamic performance of the entire control system [1]. 
A fuzzy logic control based MPPT techniques is presented by J.Liu and C.Elmas. The strong 
side of thus papers are they used a fuzzy logic based controller which can be effectively avoid 
the requirement of precise model of the control system. But a combination of fuzzy logic 
controller and conventional controller is better than fuzzy logic alone due to the fact that one 
of the controller fills the gap of one another. E.Hamatwi presents a phase lag compensator 
based MPPT. However, the response of a system is highly oscillatory for the first few seconds 
and is not well developed yet. A.Hwas, A.Uehera, and Smida used a conventional controller 
such as proportional integral (PI) and proportional integral derivative controller (PID) for a 
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pitch angle control strategy in order to regulate the rotational speed or generated power of a 
generator. But to design the PI /PID controller, the paper uses the linearized model of the 
nonlinear dynamics of the wind turbine at a specific operating point. However, this is not 
effective when the operating point is changed suddenly and always needs a redesign of PID 
parameters for every change of operating points to maintain the system dynamic response and 
stability. To improve the control performance of the nonlinear system a gain scheduling based 
PI controller is presented by E.B.Muhando. This type of strategy compensates the change in 
sensitivity of the mechanical torque to the pitch angle. However, until now there is a problem 
when the sensitivity of the system is getting higher and higher.    
T.Senjyu and R.Sakamoto applying the generalized predictive control (GPC) method for a 
pitch angle controller in a wide operating region of the wind speed. With this method, the error 
of the control signal is minimized in each interval and its divergence is eliminated by 
minimizing the performance index. However, if there is a large error in the output power, the 
control system will be unstable since the GPC law depends heavily on the output power error.   
A fuzzy logic based pitch angle control is presented by T.L.Van and M.Ben Smida. The 
advantage of this method is that the parameters of the wind turbine system do not need to be 
known accurately. However, the output pitch angle range is very small. Due to this reason an 
improvement controller in combination with a fuzzy controller is needed to compensate range 
of the degree variation. 
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2.6. Introduction to Wind Turbine Generators 
A wind turbine generator system transforms the mechanical energy available from the blowing 
wind in to a usable form of electrical energy. Now a day’s commercially available wind turbine 
generators installed are squirrel cage induction generators, double fed induction generators 
(DFIG), wound field synchronous generators (WFSG), and permanent magnet synchronous 
generators (PMSG). Based on rotational speed, a wind turbine generators can be classified in 
to fixed speed WTGS and variable speed WTGS [25]. 
In fixed speed WTGS, both single and double squirrel cage induction generators are 
commercially used. Whereas in variable speed WTGS, Double fed induction generators ( 
DFIG), Wound field synchronous generators (WFSG) or permanent magnet synchronous 
generators are used. Table 2.3 summarizes the advantage and disadvantages of fixed speed and 
variable speed wind turbines. 
Table 2. 3. Comparison of fixed speed and variable speed wind turbine [2]. 
Turbine type  Advantage Disadvantage 
Fixed speed  Low cost 
 Rugged construction 
 Maintenance free 
 Operational simplicity 
 Lower price compared to 
variable speed 
 Must be more mechanically 
robust than variable speed one 
 Due to its fixed rotor speed , 
fluctuation in wind speed 
directly translates to drive train 
torque fluctuations 
 Higher structural load 
Variable speed  More energy can be 
generated for a specific wind 
speed region 
 Reduce the mechanical stress  
 Reducing drive train torque 
variation 
 Aerodynamic operation 
increase 
 
 
 
 More expensive 
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2.6.1. Double Fed Induction Generator 
The double fed induction generator are wound rotor induction generators. The stator is directly 
connected to the grid, whereas the rotor is connected through a back to back power electronic 
converter. There are various advantages of DFIG reported as its controllability of both active 
and reactive power is better. The most important advantages of DFIG is its ability to function 
through fault by its uninterruptable operation .This can be achieved by properly arranging the 
operation and control of the converters and using dynamic reactive compensation [27].  
2.6.2. Permanent Magnet Synchronous Generator 
In recent years, the use of synchronous machines with permanent magnets is strongly increased.  
They have some specific advantages which makes them very suitable to be used in wind 
turbines. The first advantage is, no external DC source is required for a filed winding in the 
rotor because the internal magnets create a constant magnetic field. The absence of rotor 
windings, slip rings and brushes eliminates electric rotor losses, reduces noise, increase the 
reliability and efficiency and makes the rotor inertia smaller. Because PMSGs are much more 
compact, they are very suitable for small-scale applications. Secondly, the fact that having 
constant magnetic flux makes it advantageous. 
Permanent magnet synchronous generator (PMSG) is very efficient and suitable for wind 
turbine application. Type of generator can be constructed with a large number of pole pairs 
which reduces the mechanical synchronous speed. It is applicable in direct driven energy 
conversion which helps to eliminate the gearbox between the turbine and the generator [1], [3]. 
Due to this reason the direct driven system are less expensive and require less maintenance. 
The permanent magnet synchronous generators are excited using permanent magnets. The 
disadvantages of the permanent magnet synchronous machines are the high cost of the rare 
earth materials used to make permanent magnets [28].   
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Although the DFIGs are well developed and have previously been widely applied in WECS 
due to their ability to achieve variable speed control with the reduced cost of converter 
requirements, the use of slip rings and the protection issues in the event of grid faults are the 
major drawbacks. As a result, the PMSG-based WECSs have gained more popularity and 
preference over DFIG-based WECSs owing to their advantages such as high energy density, 
simple control methodology, high reliability, low maintenance cost, and the self-excitation 
system. Moreover, direct-driven multi-pole PMSGs have been adopted to exclude the gearbox, 
which improves the efficiency of the wind turbine and cuts down the weight of the nacelle and 
the operation and maintenance cost of the wind turbine system [1]. 
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CHAPTER THREE 
System Modelling 
3.1. Wind Turbine Model 
In order to efficiently capture wind energy, several key parameters need to be considered: air 
density, diameter of the blades, wind speed, and the area covered when the blade rotates. The 
force of the wind is stronger at higher air densities. Wind force generates torque, which causes 
the blades of the wind turbine to rotate. Therefore, the kinetic energy of the wind depends on 
air density. The other parameter is the wind speed. It is expected that wind kinetic energy rises 
as wind speed increases. 
The kinetic energy of the wind can be expressed as 
KE =
1 
2
𝑚𝑉𝑤
2                                                                                                                       (3.1) 
But        
𝑚
𝑣
=       𝑚 = 𝑣 
                                                          Then     
𝐾𝐸 =
1
2
𝑣𝑉𝑤
2 
                                        Where: 
Volume,  𝑣 = 𝐴𝑑 = 𝜋𝑅2𝑑 
Therefore the kinetic energy of the wind becomes   
𝐾𝐸 =
1
2
𝜋𝑅2𝑑𝑉𝑤
2                                                                                                              (3.2) 
Where   KE   is kinetic energy, m is mass of wind, v is volume of wind, A is the rotor area, R is 
the blade length, and d is the thickness of the air disk.  
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Finally the theoretical overall power of wind can be given as follows 
𝑃𝑤 =
𝐸𝑛𝑒𝑟𝑔𝑦
𝑇𝑖𝑚𝑒
=
𝐾𝐸
𝑡
 
𝑃𝑤 =
1
2
𝜋𝑅2 (
𝑑
𝑡
) 𝑉𝑤
2 =
1
2
𝜋𝑅2𝑉𝑤
3                                                                                (3.3) 
It implies that the power content of the wind varies with cube (the third power) of the average 
wind speed [3]. 
 
Figure 3. 1. Mechanical power versus generator speed for a different wind speeds. 
In the same manner to the mechanical power versus generator speed curve, the mechanical 
power curve with respect to rotor speed has the same shape. However, the power magnitude is 
the only difference. The mechanical power curve with respect to generator speed and rotor 
speed is shown in figure 3.1 and 3.2 respectively. From the figures it is clear that, the extracted 
mechanical power after a certain rotor speed gets low.  
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So it is mandatory to control the rotor speed to track the reference or nominal speed in order to 
achieve the optimal power output. As we can see from the power curve the magnitude of the 
mechanical power is different for a different wind speeds. The magnitude of the power is 
increased for a corresponding increase of a wind speed. Figure 3.1 and 3.2 shows the relation 
of mechanical power extracted from wind for a three different wind speeds (11.5 m/s, 12.5 m/s, 
and 13.5 m/s) with respect to generator speed and rotor speed respectively. 
 
Figure 3. 2. Mechanical power versus rotor speed for a different wind speeds. 
Due to the fact that all the available wind power is not extracted according to Betz law (Ref. section 
2.1), the effective (actual) mechanical power extracted from the wind is given by [31]. 
𝑃𝑚 =
1
2
𝐶𝑝(, 𝛽)𝜋𝑅
2𝑉𝑤
3                                                                                                  (3.4) 
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Where: 
 𝑝𝑚  is the extracted mechanical power from a wind, 
    is the air density (kg/m3),  
𝑅    is the blade radius (m),  
𝑉𝑤 is the wind speed (m/s), and  
𝐶𝑝  is the power coefficient which is a function of both tip speed ratio and blade pitch angle. 
The power coefficient,  𝐶𝑝 is expressed by the following equations [41].                                                          
𝐶𝑝 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑤𝑖𝑛𝑑 𝑝𝑜𝑤𝑒𝑟
=
𝑃𝑚
𝑝𝑤
=
𝑃𝑚
      
1
2 𝐴𝑉𝑤
3
 
 𝐶𝑝(, 𝛽) = 0.5176 (
116
𝑖
− 0.4𝛽 − 5) 𝑒−
21
𝑖 + 0.0068                                        (3.5) 
                      Where: 
1
𝑖
=
1
(+ 0.08𝛽)
−
0.035
𝛽3 + 1
 
 =
𝑚𝑅
𝑉𝑤
                                                                                                                            (3.6) 
An ideal power coefficient curve and Simulink block of a wind turbine is shown in figure 3.3 
and 3.4 respectively. 
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Figure 3. 3. Power coefficient, 𝐶𝑝  for a different pitch angles. 
 
Figure 3. 4.  MATLAB/Simulink model of a wind turbine. 
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3.2. PMSG Model 
Synchronous generators (SGs) are widely used in wind energy conversion systems of a few 
kilowatts to a few megawatts. The synchronous generators can be classified into two 
categories: wound-rotor synchronous generators (WRSGs) and permanent-magnet 
synchronous generators (PMSGs). In the WRSG the rotor flux is generated by the rotor field 
winding, whereas the PMSG uses permanent magnets to produce the rotor flux. 
In the PMSG, the rotor magnetic flux is generated by permanent magnets, and these generators 
are, therefore, brushless. Because of the absence of the rotor windings, a high power density 
can be achieved, reducing the size and weight of the generator. In addition, there are no rotor 
winding losses, reducing the thermal stress on the rotor [2]. Due to having no additional power 
supply, rotor winding, and such mechanical components as slip rings, the PMSG benefits from 
such features as high power factor, low losses, high torque density, very low inertia, and low 
inductances which make it a real competitor of the DFIG, especially in cases where small- and 
medium-scaled wind turbines are required. The drawbacks of these generators lie in the fact 
that permanent magnets are more expensive and prone to demagnetization.  
Depending on which type of generator is used in the wind turbine, the dynamics of the 
generator will be different [31]. The electric equations of the permanent magnet generator are 
written in a synchronous reference system. This is a frame that is fixed with the rotor and 
consists of a direct (d) and quadrature (q) axis. The d-axis is coincident with a north pole of the 
permanent magnet. The q-axis lags 90 electric degrees behind the d-axis [28]. 
The mathematical model of a PMSG is generally based on the following assumptions [36]. 
1. The stator windings are positioned sinusoidal along the air-gap as far as the mutual effect 
with the rotor is concerned.  
2. The stator slots cause no significant variations of the rotor inductance with rotor position.  
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3. Magnetic hysteresis and saturation effects are negligible.  
4. The stator windings are considered symmetrical.  
5. Damper windings are not considered.  
6. Capacitance of all the windings is neglected.  
7. Resistances of the coils are assumed to be constant. 
Current and voltage are represented in terms of space vector which is represented in a stationary 
reference frame. A general rotating reference frame has then been introduced. This frame is 
described by d and q axes Clarke, Park and Inverse Park transformation [2]. 
3.2.1. Reference Frame Transformation 
Transformations from a 3-phase (a b c) to a 2-phase (α, β) system is commonly known as 
Clarke transformation.  
[
   𝑖𝛼  
𝑖𝛽
]     =    
2
3
     𝑋     [
1      −
1
2
      −
1
2
 0          
√3
2
    −
√3
2
]   x      [
𝑖𝑎 
𝑖𝑏
𝑖𝑐 
] 
The transformation matrix is known as Clarke matrix and it is defined as 
[𝑐𝑙𝑎𝑟𝑘𝑒 𝑚𝑎𝑡𝑟𝑖𝑥]     =      
2
3
     𝑋     [
1      −
1
2
      −
1
2
 0          
√3
2
    −
√3
2
] 
Then, the following transformations are involved due to rotation of orthogonal d-q system. 
1.α-β to d-q: Park transformation 
2. d-q to α-β: Inverse Park transformation 
Transformation from (α, β) to (d, q) is done by 
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                                             [
𝑑 
𝑞 
] = [
𝑐𝑜𝑠𝜃        𝑠𝑖𝑛𝜃
 −𝑠𝑖𝑛𝜃    𝑐𝑜𝑠𝜃
]   𝑋  [
𝛼
𝛽]                                     (3.6) 
 
                                                   [
𝑑 
𝑞 
] = [𝑝𝑎𝑟𝑘 𝑚𝑎𝑡𝑟𝑖𝑥]  𝑋  [
𝛼
𝛽]                                       (3.7) 
Then using Clarke transformation the phase component (𝑎, 𝑏, 𝑐) is converted in to a component 
(α, β) in a fixed stator reference frame 
                                                      𝑉𝛼 =
2
3
(𝑉𝑎 −
1
2
𝑉𝑏 −
1
2
𝑉𝑐)                                            (3.8) 
                                                      𝑉𝛽 =
1
√3
(𝑉𝑏 − 𝑉𝑐)                                                          (3.9) 
Next the components (α, β) are transformed to components (d, q) by using the Park 
transformation. 
                                                      𝑉𝑞 = 𝑉𝛼𝑐𝑜𝑠𝜃 + 𝑉𝛽𝑠𝑖𝑛𝜃                                                  (3.10) 
                                                      𝑉𝑑 = −𝑉𝛼𝑠𝑖𝑛𝜃 + 𝑉𝛽𝑐𝑜𝑠𝜃                                              (3.11) 
 
3.2.1.1. abc /dq Reference Frame Transformation  
Consider generic three-phase electrical variables, 𝑥𝑎, 𝑥𝑏, 𝑎𝑛𝑑 𝑥𝑐, which can represent either 
voltage, current, or flux linkage.  
The three-phase variables in the 𝑎𝑏𝑐 stationary frame can be transformed into two-phase 
variables in a reference frame defined by the d (direct) and q (quadrature) axes that are 
perpendicular to each other as shown in Figure 3.5. The 𝑑𝑞-axis frame has an arbitrary position 
with respect to the 𝑎𝑏𝑐-axis stationary frame given by the angle θ between the a-axis and d 
axis. The 𝑑𝑞-axis frame rotates in space at an arbitrary speed , which relates to θ by   =
𝑑𝜃
𝑑𝑡
. 
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To transform variables in the 𝑎𝑏𝑐 stationary frame to the 𝑑𝑞 rotating frame, simple 
trigonometric functions can be derived from the orthogonal projection of the 𝑥𝑎, 𝑥𝑏, 𝑎𝑛𝑑 𝑥𝑐 
variables to the 𝑑𝑞-axis as shown in figure 3.5, where only the projections to the d-axis are 
illustrated.  
The transformation of the 𝑎𝑏𝑐 variables to the 𝑑𝑞 frames, referred to as 𝑎𝑏𝑐/𝑑𝑞 
transformation, can be expressed in a matrix form [2]. 
[
xd
xq
] =
2
3
 [
cos(𝜃) cos (𝜃 −
2𝜋
3
) cos (𝜃 −
4𝜋
3
)
− sin(𝜃) − sin (𝜃 −
2𝜋
3
) − sin (𝜃 −
4𝜋
3
)
]     [
𝑥𝑎
𝑥𝑏
𝑥𝑐
]                                 (3.12) 
Where a coefficient 2/3 is added arbitrarily to balance the magnitude of a two phase with the 
three phase voltage after transformation [36]. 
The equations for an inverse transformation can be obtained through matrix operations, by 
which the 𝑑𝑞 variables in the rotating frame can be transformed back to the 𝑎𝑏𝑐 variables in 
the stationary frame. The transformation, referred to as 𝑑𝑞/𝑎𝑏𝑐 transformation, can be 
performed by equation 3.13. 
[
𝑥𝑎
𝑥𝑏
𝑥𝑐
]      =       
[
 
 
 
cos(𝜃) − sin(𝜃)
cos (𝜃 −
2𝜋
3
) − sin (𝜃 −
2𝜋
3
)
cos (𝜃 −
4𝜋
3
) − sin (𝜃 −
4𝜋
3
)]
 
 
 
     [
𝑥𝑑
𝑥𝑞
]                                                (3.13) 
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Figure 3. 5. Transformation of a 3 stationary frame to a two phase (𝑑𝑞) arbitrary frame. 
The electrical model of a PMSG in the rotating reference frame d-q axis is defined as follows 
[3]. 
𝑉𝑑 = 𝑅𝑠𝐼𝑑 + 𝐿𝑑
𝑑𝐼𝑑
𝑑𝑡
+ 𝑒𝑞𝑠 −
𝑑
𝑑𝑡
𝑑𝑠                                                                           (3.14) 
𝑉𝑞 = 𝑅𝑠𝐼𝑞 − 𝑒𝑑𝑠 −
𝑑
𝑑𝑡
𝑞𝑠                                                                                              (3.15) 
                               
                                    Where: 
𝑑𝑠   = −𝐿𝑙𝑠𝑖𝑑 + 𝐿𝑑𝑚(𝑖𝑓 − 𝑖𝑑) 
= −𝐿𝑙𝑠𝑖𝑑 + 𝐿𝑑𝑚𝑖𝑓 − 𝐿𝑑𝑚𝑖𝑑 
= −(𝐿𝑙𝑠 + 𝐿𝑑𝑚)𝑖𝑑 + 𝐿𝑑𝑚𝑖𝑓 
= −(𝐿𝑑𝑖𝑑) + 𝑟 
26 
 
Therefore        
𝑑𝑠 = −𝐿𝑑𝑖𝑑 + 𝑟                                                                                                                (3.16) 
Similarly  
𝑞𝑠 = −(𝐿𝑙𝑠 + 𝐿𝑞𝑚)𝑖𝑞 
𝑞𝑠 = −𝐿𝑞𝑖𝑞                                                                                                                          (3.17) 
Then, substituting equation 3.16 and 3.17 in to equation 3.15 and 3.14 by considering 
𝑑
𝑑𝑡
𝑟 = 0, Since the flux amplitude is constant for PMSG type, we get. 
 𝑉𝑑 = 𝑅𝑠𝑖𝑑 − 𝑒𝐿𝑞𝑖𝑞 +
𝑑
𝑑𝑡
𝐿𝑑𝑖𝑑                                                                                        (3.18) 
𝑉𝑞 = 𝑅𝑠𝐼𝑞 + 𝑒𝐿𝑑 𝑖𝑑 + 𝑒𝑟 +
𝑑
𝑑𝑡
𝐿𝑞𝑖𝑞                                                                          (3.19) 
         Where: 
                        𝐿𝑞  and 𝐿𝑑 are the q- and d-axis inductances,  
                        𝑅 is the stator resistance, 
                        𝐼𝑞 𝑎𝑛𝑑 𝐼𝑑  are the q- and d-axis currents, 
                        𝑉𝑞  and 𝑉𝑑 are the q- and -axis voltages, 
                       𝜔𝑒  is the rotor angular speed, 
                       𝑟   is the flux amplitude induced in the stator by PMs of the rotor.                      
The rotor flux 𝑟  is produced by permanent magnet and its rated value can be obtained from 
the name plate data and generator parameter. 
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For a silent pole generator usually 
 𝐿𝑑 < 𝐿𝑞 
For a non-salient pole generator 
 𝐿𝑑 = 𝐿𝑞 
The electric angular speed e is given as 
𝑒 = 𝑛𝑝 ∗ 𝑚                                                                                                                        
(3.20) 
𝑒 =
𝑑𝜃
𝑑𝑡
                                                                                                                                (3.21) 
Equivalent circuit of a simplified 𝑑𝑞-axis model in the rotor-field synchronous frame is as 
shown in Figure 3.6. 
id Rs iq Rs ωeLdid
LqLd
ωeLqiq
                   VqVd           ωeψpm 
                                   (a)  d-axis (b) q-axis
 
Figure 3. 6. Equivalent circuit of a 𝑑𝑞-axis model of a PMSG [37]. 
The instantaneous electric power 𝑝𝑒 is determined by 
𝑃𝑒 =
3
2
(𝑉𝑞𝐼𝑞 + 𝑉𝑑𝐼𝑑)                                                                                                            (3.22)  
Substituting the voltage equation in 3.18 and 3.19 in to 3.22 gives 
𝑝𝑒 =
3
2
[( 𝑅𝑠𝐼𝑞 + 𝐿𝑞
𝑑𝐼𝑞
𝑑𝑡
+ 𝑒𝐿𝑑  𝐼𝑑 + 𝑒) 𝑖𝑞 + (𝑅𝑠𝐼𝑑 + 𝐿𝑑
𝑑𝐼𝑑
𝑑𝑡
− 𝑒𝐿𝑞𝐼𝑞) 𝐼𝑑 ] 
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Rearranging the terms we have  
𝑃𝑒 =
3
2
𝑅𝑠(𝐼𝑞
2 + 𝐼𝑑
2) +
3
2
(
𝑑
𝑑𝑡
(
𝐿𝑞𝐼𝑞
2
2
) +
𝑑
𝑑𝑡
(
𝐿𝑑𝐼𝑑
2
2
)) +
3
2
(𝑒𝐼𝑞 + 𝑒(𝐿𝑑 − 𝐿𝑞)𝐼𝑑𝐼𝑞)    (3.23) 
The third term gives the electromagnetic power 𝑃𝑒𝑚  
 𝑃𝑒𝑚 =  
3
2
(𝑒  𝐼𝑞 + 𝑒  (𝐿𝑑 − 𝐿𝑞)𝐼𝑑𝐼𝑞)                                                                                   (3.24) 
The electromagnetic torque 𝑇𝑒 is then: 
𝑇𝑒 =
𝑃𝑒𝑚
𝑚
=
3
2
𝑛𝑝(𝐼𝑞 + (𝐿𝑑 − 𝐿𝑞)𝐼𝑑𝐼𝑞)                                                                                   (3.25) 
                           Where:                
𝑒 = 𝑛𝑝 ∗  𝑚 
Which is discussed in detail in drive train model section.  
To determine the PMSG model in MATLAB/Simulink easily, equation 3.18 and 3.19 can be 
rearranged as follows in equation 3.26 and 3.27. 
𝑖𝑑 =
1
𝑠
( 𝑉𝑑 − 𝑅𝑠𝑖𝑑 + 𝑒𝐿𝑞𝑖𝑞)/𝐿𝑑                                                                                               (3.26) 
 𝑖𝑞 =
1
𝑠
(𝑉𝑞 − 𝑅𝑠𝐼𝑞 − 𝑒𝐿𝑑 𝑖𝑑 − 𝑒𝑟)/𝐿𝑞                                                                               (3.27) 
The input variables of the PMSG Simulink model are then the 𝑑𝑞 axis voltages, that is  
𝑉𝑑 𝑎𝑛𝑑 𝑉𝑞 , the flux amplitude 𝑟 and the mechanical torque which is existing from wind 
turbine model. Whereas the output variables are the 𝑑𝑞 −axis stator current’s, 𝑖𝑑 𝑎𝑛𝑑 𝑖𝑞, and 
the electromagnetic torque  𝑇𝑒. 
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Figure 3. 7. MATLAB/Simulink model of a PMSG. 
The simulation block diagram of a permanent magnet synchronous generator is shown in figure 
3.7. The difference between mechanical angular speed of synchronous generator and nominal 
mechanical angular speed gives an error signal which is applied as a control input for both the 
pitch angle control and a MPPT technique which will be discussed in detail in the next chapter, 
chapter four.  
The relation between pole pair and rotational speed (in revolution per minute) of the generator 
is given as follows. 
30 
 
 𝑠 =
120 ∗ 𝑓𝑠
𝑝
                                                                                                                      (3.28) 
Where: 
                   s is the angular rotational speed in rpm. 
                   fs is the rated stator frequency.  
  P is the number of pole. 
Then, from the datasheet of the generator used (Ref. Appendix B) we have 𝑓𝑠 =10.18 Hz and 
𝑝=52. 
Therefore: 
𝑠 =
120 ∗ 10.18
52
 
 𝑠 = 23.5 𝑟𝑝𝑚 
The permanent magnet synchronous generator used in simulation study has 26 pole pairs, and 
the nominal mechanical angular velocity in rad per second is calculated as follows. 
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
2 ∗ 𝜋 ∗ 𝑠
60
 
Where  𝑠 is synchronized speed or rotational speed of a permanent magnet synchronous 
generator in revolution per minute. 
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
2 ∗ 3.14 ∗ 23.5  𝑟𝑝𝑚
60
 
  𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =2.46 rad/sec 
For an effective design of wind turbine the nominal power of the turbine is adapted to the rated 
power of the generator, 1.5 MW (Ref. Appendix B). 
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 𝑝𝑛𝑜𝑚 =
1
2
𝜋𝑅2𝐶𝑝(𝑚𝑎𝑥) ∗ 𝑉𝑟𝑎𝑡𝑒𝑑
3                                                                                    (3.29) 
𝑃𝑛𝑜𝑚 = 1.5 𝑀𝑊 
From this, we can calculate the nominal wind speed as follows. 
 𝑉𝑟𝑎𝑡𝑒𝑑 = √(2 ∗ 𝑝𝑛𝑜𝑚)/ (𝜋𝑅2𝐶𝑝 (𝑚𝑎𝑥))
3
 
𝑉𝑟𝑎𝑡𝑒𝑑 = √
2 ∗ 1.5 𝑀𝑊
1.225 ∗ 3.14 ∗ 352 ∗ 0.2656
3
 
Where the maximum power coefficient 𝐶𝑝 has a value 0.2656 for an optimum angle of ß = 0
𝑜 
and optimum tip speed ratio 𝑜𝑝𝑡=6. To tolerate the rated wind speed, it is better to minimize 
the calculated one by 1 m/s.                           
   Then: 
 𝑉𝑟𝑎𝑡𝑒𝑑 = 12.38 𝑚/𝑠 
 And here it is easy to determine the nominal rotor electrical speed of the generator. 
𝑒(𝑛𝑜𝑚) = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ∗ 𝑛𝑝 
𝑒(𝑛𝑜𝑚) = 2.46
𝑟𝑎𝑑
𝑠𝑒𝑐
∗ 26 
 𝑒(𝑛𝑜𝑚) = 63.96 𝑟𝑎𝑑/𝑠𝑒𝑐 
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3.2.2. Voltage Decoupling 
It is clear to see that in equation 3.18 and 3.19, there is a cross coupling between  𝑉𝑑  𝑎𝑛𝑑  𝑉𝑞. 
To compensate the cross coupling, two new inputs are defined [40]. 
𝑢𝑑 = 𝑒𝐿𝑞𝑖𝑞 + 𝑉𝑑                                                                                                               (3.30) 
𝑢𝑞 = −𝑒𝐿𝑑𝑖𝑑 + 𝑉𝑞                                                                                                            (3.31) 
In equation 3.30 𝑎𝑛𝑑 3.31  the voltage ud   are determined from the proportional integral (PI_1) 
control output of direct axis current errors. In the proposed decoupling method the direct 
current reference,  idref  is taken as zero, idref = 0. In the same manner the voltage uq is 
determined from the proportional integral (PI_3) control output of quadrature axis current 
differences. But  𝑖𝑞𝑟𝑒𝑓 is not zero as 𝑖𝑑𝑟𝑒𝑓, rather it is generated from the proportion integral 
(PI_2) control output of the difference of the reference and actual generator speed, ∆.  
The q and d axis counter electric potential is given as 𝑒𝑟 𝑎𝑛𝑑 0 respectivelly. This topology 
is similar in field oriented control (FOC) based speed control of a PMSG in [37]. But in this 
work the main goal is to generate the direct and quadrature axis generator voltages, 𝑉𝑑 and 𝑉𝑞  
respectively which acts as input in a model equation 3.26 and 3.27 to generate the 
corresponding direct and quadrature axis currents as well as the electromagnetic torque 
developed in a generator. All the above discussion of section 3.2.2 is summarized in figure 3.8. 
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+
+
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+
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          e_q       i_q
 ω
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V_q
      
       i_qref
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Figure 3. 8. Blocks to find reference Vd and  Vq for a PMSG Simulink model. 
The 𝐾𝑝 and 𝐾𝑖 parameters of the applied controller above are found through a trial and error 
design procedure and summarized in table 3.1.  
Table 3. 1.  𝐾𝑝 𝑎𝑛𝑑 𝐾𝑖  Parameters for a block of figure 3.8 
 PI_1 PI_2 PI_3 
𝐾𝑝 15 23 20 
𝐾𝑖 500 514.32 530 
 
3.3. Drive Train Model 
The drive train of PMSG consists of five parts, namely, rotor, low speed shaft, gearbox, high-
speed shaft and generator. In the analysis, other parts of wind turbines, e.g. tower and flap 
bending modes can be reasonably neglected [37]. The rotor angular speed is governed by the 
motion equation of the PMSG as follows. Different drive train models are exist in the literature. 
Among those drive train models, one mass drive train model is proposed in this work for 
simplicity. 
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 𝐽𝑒𝑞  
𝑑𝑚
𝑑𝑡
= 𝑇𝑒 − 𝑇𝑚 − 𝐷𝑚                                                                                             (3.32) 
𝑒 = 𝑛𝑝 ∗ 𝑚 
 
𝑑𝜃𝑒
𝑑𝑡
= 𝑒 
                   Where: 
                                    𝐽𝑒𝑞 is the equivalent inertia 
                                        Te is the electromagnetic torque produced by PMSG 
                                       Tm  is Extracted aerodynamic torque 
                                D is the rotational damping 
                                np is the number of pole pair 
                                e   is Generator rotational speed 
                                m   is the mechanical rotational speed 
The MATLAB/Simulink model of the drive train is given as follows in figure 3.9. 
 
Figure 3. 9. MATLAB/Simulink model of a drive train 
35 
 
3.4. Power Converter 
The wind resource is intermittent, which results in the unstable PMSG output. However, in 
order for the system to reliably connect to the power grid through the inverter circuit, the DC 
bus link is required to be stable at 415 V. Based on these requirements, the AC/DC rectifier 
and DC/DC boost circuits should be employed. The amplitude and frequency of the voltage 
output from a PMSG vary for a variable speed wind turbine when the wind speed changes from 
time to time, while in this circumstance the generator power output should be stabilised.  
3.4.1. Three Phase Uncontrolled Rectifier 
The full bridge rectifier is more common since it provides a high output voltage and less ripple 
[39]. Consider the full bridge circuits under a capacitive load as shown in figure 3.10. Assume 
that 𝑉𝑎 , 𝑉𝑏, 𝑉𝑐 are the three phase voltages. The easiest way to approach the full bridge 
rectifier circuit is to consider it as a combination of a positive commutating diode group 
𝐷1,𝐷3, 𝐷5 and a negative commutating diode group 𝐷2, 𝐷6, 𝐷4. At any given time only two 
diodes are conducting simultaneously, one from the positive group when the supply voltage is 
most positive anode and the other from the negative group when the voltage is most negative 
anode [23]. One diode will conduct for 120𝑜  and two pair diodes will conduct for only  60𝑜. 
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Figure 3. 10. Uncontrolled diode rectifier 
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Figure 3. 11. Wave form of three phase input source for a rectifier with its rectified output. 
 At instant ‘P’ phase ‘a’ is more positive than other phases, and phase ‘b’ is more 
negative than other phases. So D1 and D6 will conduct from upper and lower half of 
the bridge respectively. 
 At instant ‘Q’ phase ‘a’ is more positive than other phases, and phase ‘c’ is more 
negative than other phases. So D1 and D2 will conduct from upper and lower half of 
the bridge respectively. 
 At instant ‘R’ phase ‘b’ is more positive than other phases, and phase ‘c’ is more 
negative than other phases. So D3 and D2 will conduct from upper and lower half of 
the bridge respectively. 
 At instant ‘S’ phase ‘b’ is more positive than other phases, and phase ‘a’ is more 
negative than other phases. So D3 and D4 will conduct from upper and lower half of 
the bridge respectively. 
 At instant ‘T’ phase ‘c’ is more positive than other phases, and phase ‘a’ is more 
negative than other phases. So D5 and D4 will conduct from upper and lower half of 
the bridge respectively. 
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 At instant ‘U’ phase ‘c’ is more positive than other phases, and phase ‘b’ is more 
negative than other phases. So D5 and D6 will conduct from upper and lower half of 
the bridge respectively. And then the conduction is repeated again as discussed above. 
Table 3.2 summarizes the conduction mode of the rectifier circuit in figure 3.10  
Table 3. 2. Conduction mode for a rectifier circuit of figure 3.10. 
Mode Conduction Angle Conducting 
diodes 
𝑖𝑎 𝑖𝑏 
 
𝑖𝑐 Most positive 
Absolute voltage 
I π/6<θ<π/2 D1,D6 𝑖𝑜 −𝑖𝑂 0 𝑉𝑎, |𝑉𝑏| 
II π/2<θ<5π/6 D1,D2 𝑖𝑜 0 −𝑖𝑜 𝑉𝑎, |𝑉𝑐| 
III 5π/6<θ<7π/6 D3,D2 0 𝑖𝑜 −𝑖𝑜 𝑉𝑏, |𝑉𝑐| 
IV 7π/6<θ<9π/6 D3,D4 −𝑖𝑜 𝑖𝑜 0 |𝑉𝑎|, 𝑉𝑏 
V 9π/6<θ<11π/6 D5,D4 −𝑖𝑜 0 𝑖𝑜 |𝑉𝑎|, 𝑉𝑐 
VI -π/6<θ<π/6 D5,D6 0 −𝑖𝑜 𝑖𝑜 |𝑉𝑏|, 𝑉𝑐 
 
3.4.2. DC to DC Converter 
There are three basic types of dc-dc converter circuits, termed as buck called as step-down 
chopper, boost called as step up chopper and buck-boost. In all of these circuits, a power device 
is used as a switch. This device earlier used was a thyristor, which is turned on by a pulse fed 
at its gate. Now a day’s, MOSFETs are used as a switching device in low voltage and high 
current applications. It may be noted that, as the turn-on and turn-off time of MOSFETs are 
lower as compared to other switching devices, the frequency used for the dc-dc converters 
using it (MOSFET) is high, thus, reducing the size of filters [39]. Similarly, when application 
requires high voltage, Insulated Gate Bi-polar Transistors (IGBT) are preferred over BJTs, as 
the turn-on and turn-off times of IGBTs are lower than those of power transistors (BJT), thus 
the frequency can be increased in the converters using them. Moreover, in this work we focus 
on IGBT switch based DC to DC boost converter.   
For a DC to DC boost converter a diode is used in series with the load. The inductance of the 
load is small. An inductance, L is assumed in series with the input supply and the diode is again 
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in series with the load. The position of the switch and diode in this circuit should be noted to 
distinguish it from back converter. 
Co
   D1
VO
Vs
        switch
L
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Figure 3. 12. Circuit diagram of a DC to DC boost converter 
 
Figure 3. 13. Wave form of source current for a particular Simulink of boost converter. 
 
Firstly, the switch, S (i.e., the device) is put ON (or turned ON) during the period, 𝑇𝑜𝑛 ≥ 𝑡 ≥ 0 
, the ON period being Ton.  The output voltage is zero (𝑉𝑜 = 0), if no battery (back emf) is 
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connected in series with the load, and also as stated earlier, the load inductance is small. The 
current (𝑖𝑠 ) from the source flows in to the inductance L. 
The equation for the circuit is        
 𝑉𝑠 = 𝐿
 𝑑𝑖𝑠
𝑑𝑡
    𝑜𝑟,    
𝑑𝑖𝑠
𝑑𝑡
=
𝑉𝑠
𝐿
                                                                                     (3.33) 
When the switch is off ,for a period   𝑇 ≥ 𝑡 ≥ 𝑇𝑜𝑛 the equation becomes 
𝑉𝑠 = 𝑉𝑜 + 𝐿
𝑑𝑖𝑠
𝑑𝑡
     𝑜𝑟,
𝑑𝑖𝑠
𝑑𝑡
=
𝑉𝑠 − 𝑉𝑜
𝐿
                                                                       (3.34) 
From the source current wave form in figure 3.13, we can observe that the current varies 
linearly from 𝐼𝑚𝑖𝑛 𝑡𝑜  𝐼max   during the 𝑇𝑜𝑛  period and from 𝐼𝑚𝑎𝑥  𝑡𝑜 𝐼min   during the time 
period 𝑇𝑜𝑓𝑓 . 
 From equation 3.33 we have   
𝑉𝑠
𝐿
=
 𝑑𝑖𝑠
𝑑𝑡
          𝑜𝑟, 𝑑𝑖𝑠 =
𝑉𝑠
𝐿
𝑑𝑡, 
𝑖𝑚𝑝𝑙𝑖𝑒𝑠 𝑡ℎ𝑎𝑡    𝐼max − 𝐼𝑚𝑖𝑛 =
𝑉𝑠
𝐿
𝑇𝑜𝑛                                                                      (3.35) 
And from equation 3.34 we get       
 𝑑𝑖𝑠 =
𝑉𝑠 − 𝑉𝑜
𝐿
𝑑𝑡          𝑖𝑚𝑝𝑙𝑖𝑒𝑠 𝑡ℎ𝑎𝑡 
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛 =
𝑉𝑠 − 𝑉𝑜
𝐿
𝑇𝑜𝑓𝑓                                                                                                (3.36) 
Equating equation 3.35 and 3.36 we get 
𝑉𝑠
𝐿
𝑇𝑜𝑛 =
𝑉𝑠 − 𝑉𝑜
𝐿
𝑇𝑜𝑓𝑓    𝑜𝑟,    𝑉𝑆
𝑇𝑜𝑛
𝑇𝑜𝑓𝑓
= 𝑉𝑂 − 𝑉𝑠                       
 
40 
 
 𝑜𝑟, 𝑉𝑠 (
𝑇𝑜𝑛
𝑇𝑜𝑓𝑓
+ 1) = 𝑉𝑜  
But      𝑇𝑜𝑓𝑓 = 𝑇 − 𝑇𝑜𝑛 
                    Then 
 𝑉𝑠 (
𝑇𝑜𝑛 + 𝑇𝑜𝑓𝑓
𝑇 − 𝑇𝑜𝑛
) = 𝑉𝑜    𝑜𝑟,   𝑉𝑠 (
𝑇
𝑇 − 𝑇𝑜𝑛
) = 𝑉𝑜 
or     𝑉𝑠 (
𝑇/𝑇
𝑇/𝑇−𝑇𝑜𝑛/𝑇
) = 𝑉𝑜 
 𝑉𝑠 (
1
1 −
𝑇𝑜𝑛
𝑇
) = 𝑉𝑜 
      Finally        𝑉𝑜 = 𝑉𝑠 (
1
1−𝐾
)                                                                                                  (3.37)         
 𝑤ℎ𝑒𝑟𝑒  𝐾 =
𝑇𝑜𝑛
𝑇
      𝑖𝑠 𝑡ℎ𝑒 𝑑𝑢𝑡𝑦 𝑟𝑎𝑡𝑖𝑜. 
3.4.2.1. Modelling of DC-DC Boost Converter 
Assuming that the semiconductors are ideal, that is the transistor T has an infinite fast response 
and the diode D has a threshold value equal to zero. This implies that both the conduction state 
and blocking state are activated without loss of time. 
Case1: When the transistor T is on (on the position U=1, in figure 3.14) 
 The diode D is reversely biased and acts as open circuit which means that no current 
is passing through the diode. 
 The transistor acts as a short circuit 
 There is no circuit connection between the source voltage 𝑉𝑖 and the load R. 
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Figure 3. 14. Ideal switch representation of the boost converter 
Case2: when the transistor T is off (on the position U=0, in figure 3.14) 
 The diode D is directly polarized and acts as a short circuit. 
 The Transistor T acts as an open circuit. 
 There is a circuit connection between the input voltage 𝑉𝑖 and load R. 
So to obtain the dynamics of the boost converter applying Kirchhoff’s voltage low in both cases 
(for U=1 and U=0). 
Then for U=1 the equation becomes 
𝐿
𝑑𝑖
𝑑𝑡
= 𝑉𝑖     𝑎𝑛𝑑  𝐶
𝑑𝑣
𝑑𝑡
= −
𝑣
𝑅
                                                                   (3.38) 
 For   U=0 
𝐿
𝑑𝑖
𝑑𝑡
= −𝑣 + 𝑉𝑖                                                                                            (3.39) 
𝐶
𝑑𝑣
𝑑𝑡
= 𝑖 −
𝑣
𝑅
                                                                                                 (3.40) 
Combing the two case equations in a more general form we have 
𝐿
𝑑𝑖
𝑑𝑡
= −(1 − 𝑈)𝑣 + 𝑉𝑖                                                                                                      (3.41) 
𝐶
𝑑𝑣
𝑑𝑡
= (1 − 𝑈)𝑖 −
𝑣
𝑅
                                                                                                              (3.42) 
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3.4.2.2. Configuration of Diode Rectifier with Proposed Multichannel  
                                                 DC/DC Converters 
Compared with the PWM voltage source rectifier, the diode rectifier and boost converter are 
simpler and more cost-effective. However, the stator current waveform is distorted due to the 
use of the diode rectifier, which increases the losses in the generator and causes torque ripple 
as well [23]. One of the main benefits of the interleaved converter over the single converter is 
that the equivalent switching frequency of converter is increased. The equivalent switching 
frequency of the converter can be twice of the device switching frequency for a two-channel 
converter, or three times for a three-channel converter. The increase in the equivalent switching 
frequency in the interleaved converter offers a number of advantages over the single-channel 
converter, such as lower input current ripple and output voltage ripple, faster dynamic response, 
and better power handling capability [2]. 
The boost converter provides two main functions. The first is to boost its input DC voltage to 
a higher DC voltage. And the second one is to perform maximum power point tracking (MPPT) 
such that the system can deliver its maximum power captured by the turbine to the grid at any 
wind speed. Figure 3.15 illustrates a wind energy conversion system with a two Channel 
interleaved boost converter. 
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Figure 3. 15. A WECS with a two-channel interleaved boost converter. 
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For low and medium power wind energy systems of a few kilowatts to hundreds of kilowatts, 
a single-channel boost converter is often used.  
In high-power megawatt wind energy systems, the current and voltage ratings can easily go 
beyond the range that one switching device can handle. Multiple switching devices connected 
in parallel or series can be a solution. Since therefore, in this work the turbine used is large 
scale, and it is better to use an interleaved boost converter to share the advantages stated above.  
3.4.2.3. Design and Parameter Selection of an Interleaved Boost Converter 
The following parameters are needed to determine the parameters of a boost converter 
1. Input voltage,  𝑉𝑠 
2. Nominal output voltage, 𝑉𝑜 
3. Maximum output current, 𝐼𝑜𝑢𝑡 
From the uncontrolled diode rectifier circuit output of this particular thesis we can record the 
minimum output voltage of the rectifier (i.e., input for the boost converter) 𝑉𝑠 = 7 𝑘𝑣. And the 
dc to dc converter is needed to boost it in to 10 𝑘𝑣 of a nominal output voltage. Assuming that 
the boost converter operates at a switching frequency of 2 𝑘ℎ𝑧 and all the converters are ideal 
without power losses, then the parameter calculations of the boost converters are as follows. 
                   Duty cycle: 𝐷 = 1 − (𝑉𝑠 ∗
𝜂
𝑉𝑜
)                                                    (3.43) 
𝐷 = 1 − (7𝑘𝑣 ∗
0.9
10𝑘𝑣
) = 0.63 
                                                  𝐷 = 63% 
In this work, Assuming that for a particular wind speed the grid delivers a nominal power of 
1.5MW. Then the output current can be calculated as 
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                                                𝐼𝑜𝑢𝑡 =
𝑝𝑜𝑤𝑒𝑟
𝑉𝑜𝑢𝑡
= 1.5 ∗
106
10 ∗ 103
                            (3.44) 
                                                           𝐼𝑜𝑢𝑡 = 150𝐴 
A good estimation for the inductor ripple current is 20% to 40% of the output current. Thus 
                                                     𝑑𝑖 = 0.4 ∗ 𝑖𝑜𝑢𝑡(𝑚𝑎𝑥) ∗ (
𝑉𝑜
𝑉𝑠
)                             (3.45) 
  𝑑𝑖 = 0.4 ∗ 150 ∗ (
10𝑘𝑣
7𝑘𝑣
) 
                                                        𝑑𝑖 =85.714 A 
                               Where: 
                                               𝑑𝑖:      Input ripple current 
                                                    𝐼𝑜𝑢𝑡(𝑚𝑎𝑥):  Maximum output current necessary in the application 
Inductance, L (Hennery) 
                                                        𝐿 =
𝑉𝑠 ∗ (𝑉𝑜 − 𝑉𝑠)
𝑑𝑖 ∗ 𝑓𝑠 ∗ 𝑉𝑜
                                              (3.46) 
                 𝐿 =
7𝑘𝑣 ∗ (10𝑘𝑣 − 7𝑘𝑣)
85.714 𝐴 ∗ 2𝑘ℎ𝑧 ∗ 10𝑘𝑣
   
                                                           𝐿 = 12.25 ∗ 10−3 𝐻 
Assuming that percent of output voltage ripple 𝑑𝑣 in percent for this work is one 
                                                Then:   𝑑𝑣 = 𝑉𝑜 ∗
𝑑𝑣 𝑝𝑒𝑟𝑐𝑒𝑛𝑡
100
 
𝑑𝑣 = 10𝑘𝑣 ∗
1
100
 
𝑑𝑣 = 100 𝑣𝑜𝑙𝑡 
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Capacitance, C (farad) 
                                                               𝐶 =
𝐼𝑜𝑢𝑡 ∗ 𝐷
𝑓𝑠 ∗ 𝑑𝑣
                                                          (3.47) 
𝐶 =
150𝐴 ∗ 0.63
2000 ℎ𝑧 ∗ 100 𝑣𝑜𝑙𝑡
 
𝐶 = 4.725 ∗ 10−3 𝑓𝑎𝑟𝑎𝑑 
Load resistance, R (ohm): 
                                                              𝑅 =
𝑉𝑜
𝐼𝑜𝑢𝑡
=
10𝑘𝑣
150𝐴
 
                                                             𝑅 = 66.67𝑜ℎ𝑚 
All the above calculated parameters of the boost converter will be in use during simulation 
test of the proposed system in chapter five.   
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CHAPTER FOUR 
 Controller Design 
4.1. Introduction to Fuzzy Logic Control 
Fuzzy control is an extremely successful application of fuzzy sets and systems theory to 
practical problems. The general structure of a fuzzy logic controller (FLC), or fuzzy controller, 
consists of three basic portions. These are [27]. 
 The fuzzification unit at the input terminal 
 The inference engine built on the fuzzy logic control rule base in the core and 
 The defuzzification unit at the output terminal 
          1. Fuzzification 
The fuzzification module transforms the physical values of the current process signal, which is 
input to the fuzzy logic controller, into a normalized fuzzy subset consisting of a subset 
(interval) for the range of the input values and an associate membership function describing 
the degrees of the confidence of the input belonging to this range. The conversion process is 
performed by a membership function. The fuzzification process selects reasonable and good, 
ideally optimal, membership functions under certain convenient criteria meaningful to the 
application. In the fuzzification module, the input is a crisp physical signal of the real process 
and the output is a fuzzy subset consisting of intervals and membership functions. This output 
will be the input to the next module, the fuzzy logic IF-THEN rule base for the control.  
                      2. The fuzzy logic rule base 
A general procedure in designing a fuzzy logic rule base including the following. 
a. Determining the process states and control variables. 
b. Determining input variables to the controller. 
c. Establishing a fuzzy logic IF-THEN rule base. 
d. Establishing a fuzzy logic inference engine. 
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                      3. The defuzzification module 
The defuzzification module is in a sense the reverse of the fuzzification module. It converts all 
the fuzzy terms created by the rule base of the controller to crisp terms (numerical values) and 
then sends them to the physical system, so as to execute the control of the system. 
The defuzzification module perform the following functions 
a. It creates a crisp, overall control signal, u. 
b. Just like the first step of the fuzzification module, this step of the defuzzification 
module transforms the after all control output, u, obtained in the previous step, 
to the corresponding physical values that the system can accept. 
Input 
scaling
Output 
scaling
defuzzification
Inference 
engine
fuzzification
Fuzzy set Rule base
e(k)
de(k)
du(k)
 
 
Figure 4. 1. General fuzzy logic control structure [42] 
4.2. Introduction to Proportional Integral Controller 
This section of the thesis provide a brief review on basics of conventional PI controllers, their 
configuration, and design methods, which will be needed in introducing the fuzzy PI controller 
later, where the fuzzy PI controllers are natural extension of the conventional ones.  
Individually, the conventional proportional (P), integral (I), and derivative (D) controllers for 
controlling a given system have a certain gap. To fill this gap it is better to combine and use 
them.  
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Assuming that  
                     𝑟 =   𝑟(𝑡)   The reference input   
                       𝑦 = 𝑦(𝑡)   The controlled system’s output and  
                    𝑒 = 𝑟 − 𝑦 =  𝑒(𝑡)   The set point tracking error. 
                      𝑢 = 𝑢(𝑡)     The control action (output of the controller) which is used as the 
input to the system. 
In the time domain, they have the following solutions. 
i. The P-controller         𝑈(𝑡) = 𝐾𝑝𝑒(𝑡)                                                          (4.1) 
ii. The I 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟       𝑈(𝑡) = 𝐾𝑖  ∫ 𝑒()
𝑡
0
𝑑                                          (4.2) 
iii. The D controller       𝑈(𝑡) = 𝐾𝑑
𝑑
𝑑𝑡
𝑒(𝑡)                                                (4.3) 
Where the control gains, 𝐾𝑝, 𝐾𝐼 , 𝑎𝑛𝑑 𝐾𝐷 are constants to be determined in the design for the 
set point tracking performance and stability consideration.  
To increase their control capabilities, they are usually used in combinations. The solution for 
a typical combination of P and I controllers is given as follows [40]. 
                                        𝑈(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒()𝑑
𝑡
0
                                     (4.4) 
Ki
Kp
system
0
t
er
yu  +
+
+
 -
 
Figure 4. 2. General structure of a PI controller. 
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4.3. Proposed Adaptive Fuzzy PI (AFPI) Controller 
There are several methods of control that can be used to control the MPPT of the dc to dc 
converter as well as the pitch angle of a wind turbine. Now a day’s modern control techniques 
have been developed based on artificial intelligent. One of these techniques is adaptive fuzzy 
PI controller. In this thesis work,  both the pitch angle control and the maximum power point 
tracking control is based on adaptive fuzzy PI to control the blade angle as well as the switch 
of a dc to dc converter. Adaptive fuzzy PI controller provides attractive feature such as fast 
response and good performance [19]. 
The inputs of the fuzzy logic controller are the error and change in error of generator speed. 
The output of the fuzzy logic controller is used to tune the proportional integral (PI) parameters, 
𝐾𝑖 𝑎𝑛𝑑 𝐾𝑝. The general structure of the fuzzy logic controller is described in figure 4.1. As it 
is stated previously the first module of the fuzzy logic control is fuzzification.   Membership 
function values are assigned to the linguistic variables. The input error, e for the fuzzy logic 
controller can be calculated as follows. 
                                                     𝑒(𝑘) = 𝑒𝑟𝑒𝑓 − 𝑒   and  
                                                    𝑑𝑒(𝑘) = 𝑒(𝑘) − 𝑒(𝑘 − 1). 
   Where:  
  𝑒𝑟𝑒𝑓  The reference angular speed of the generator and 
  𝑒       The actual angular speed of the generator. 
The inference method is one of the step/procedure contained in the rule base module of the 
fuzzy logic controller as we have discussed in section 4.1 of this chapter. In this work a control 
output is generated through a commonly used operation method of max-min.  
50 
 
The proposed adaptive fuzzy controller produces two gains. This are the proportional gain 𝐾𝑝 
and the integral gain 𝐾𝑖 as outputs and with error and change in error as inputs.  
4.4. Significance of Proposed Controller in Ethiopian Wind Farms. 
Currently in Ethiopia, there are a total number of three installed wind farms. These are Adama 
wind farm I, Adama wind farm II, and Ashegoda wind farm. The first two wind farms are 
located in Adama. Whereas, the third one is located in northern part of Ethiopia. I had got a 
chance to visit both Adama I and Adama II wind farms. Both of them uses a programmable 
logic controller (PLC) to control the pitch angle as the professionals told to me. But due to the 
fact that AFPI controller shows effective result in this work, it is better to apply AFPI controller 
instead of PLC for the next Projects around this area. 
4.5. Pitch Angle Control  
The pitch angle controller limits the rotor speed when nominal generator power has been 
reached, by limiting the mechanical power extracted from the wind and thus restoring the 
balance between electrical and mechanical power [8]-[15]. In figure 4.3 different functioning 
zones of a wind turbine is discussed. In region I, the wind turbine is at stop state while the wind 
speed is lower than 𝑉𝑐𝑢𝑡−𝑖𝑛 .Therefore, the generator torque is 0 and wind turbine cannot 
generate power. While in the partial load region, region II, the wind speed is limited between 
𝑉𝑐𝑢𝑡−𝑖𝑛   and  𝑉𝑟𝑎𝑡𝑒𝑑   and the main objective of the control in this region is maximizing power 
generated by the wind turbine. In the full load region, region III, the wind speed is higher than 
𝑉𝑟𝑎𝑡𝑒𝑑 but lower than 𝑉𝑐𝑢𝑡−𝑜𝑢𝑡 [18]. In this region it is necessary to maintaining the rotational 
speed around the rated speed which in turn keeps the generator power around the rated power. 
In region IV, where the wind speed is higher than  𝑉𝑐𝑢𝑡−𝑜𝑢𝑡, the wind turbine must be shut 
down in order to protect wind turbine against the stresses and fatigue damages. 
51 
 
                       Wind speed(m/s)
       Region III
          
          Region II         Region I
           
Power (w)
               Rated speed
Cut-in 
speed
              Cut-out
              speed
         4 m/s           12.38 m/s            25 m/s
                       Rated Power
Popt
Pm
 
Figure 4. 3. Ideal power curve for different functioning zones of the wind turbine 
In general, the pitch angle control is applied when the wind speed 𝑉𝑤 is greater than the rated 
speed, and then the output power of the PMSG is controlled by the pitch angle control system. 
As conventional pitch control commonly the proportional–integral controller is used. However, 
the proportional–integral type may well not have suitable performance if the controlled system 
contains nonlinearities as the wind turbine system or the desired wind trajectory varied with 
higher frequency [18]. A general block diagram of a pitch angle control strategy is shown in 
figure 4.4.  
controller 1/Td S+1
                 
                      limiter
                  
            Saturation Block
          Pitch Angle
                Pitch servo
Xref
      X
-
 ++
-
Wind turbine 
& Generator
                                        
Figure 4. 4. General block diagram of pitch angle Control. 
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4.6. Proposed Pitch Angle Controller Design 
In [17], two techniques are used for generation of the reference angle βref. In the first case, the 
generated power 𝑃𝑔, is compared with the reference power, 𝑃𝑟𝑒𝑓. The error in them, and then 
sent to the PI controller that generates the reference value of the angle βref. In the second case, 
the speed of the turbine, 𝜔𝑟, compared with the reference speed ωref, The error in them, and 
sent to the PI controller that generates the reference value of the angle βref. In [9], [18], Pitch 
angle control based on the fuzzy logic is proposed. The error in the generator power ΔP, the 
variation of the power error δ(ΔP),and the rotational speed 𝜔𝑟  are considered as the controller 
inputs. 
In this work, an adaptive fuzzy PI (AFPI) is designed to control the pitch angle. The pitch angle 
is controlled between the region 4 m/s and 25 m/s which is the cut in and cut-out wind speeds 
respectively. The error and change in error between generator speed and its tip speed ratio 
based reference speed of the generator is feed to the fuzzy logic controller. The fuzzy logic 
controller then process the two applied inputs according to the selected membership functions 
and applied rules. Then after the defuzzification step is processed accordingly. The crisp values 
are then generated from the fuzzy logic control through the defuzzification process. The pitch 
angle control method applied in this work is shown in figure 4.5, where a limiter is limited with 
in the maximum rate of change ± 30 o /s, and x is either the generator power or the generator 
speed in figure 4.4 and generator speed is selected here in figure 4.5. The transfer function of 
the servo motor is usually taken as a first order transfer function with a time constant, 𝑇𝑑 
ranging from 0.2 to 0.25, and for this particular thesis an electric pitch actuator with 𝑇𝑑=0.25 
is applied. 
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Figure 4. 5. Proposed pitch angle control 
Membership functions: In this work the selected membership function for both input and 
output types is a combination of a triangular and trapezoidal membership function. As it is 
stated previously, the inputs of the fuzzy logic control is the error and change in error of the 
difference between the reference generator speed and the measured generator speed. The fuzzy 
subsets of input and output of linguistic variables are denoted as negative big (NB), negative 
(N), zero (Z), positive (P), and positive big (PB).The range of the input variable ‘error’ is taken 
as between -1 and 1. However the range of the input variable ‘change in error’ is between -10 
and 10. Figure 4.6 displays the applied membership function plot for both inputs and outputs.  
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    (a) 
    (b) 
 
     (c) 
 
                                                                            (d) 
Figure 4. 6. Membership function plot of, (a) error. (b) Change in error. (c) 𝐾𝑝 Parameter. (d) 
𝐾𝑖 Parameter 
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From membership function plots above the two inputs (error and change in error) has five 
linguistic variables for each. In addition to this, the output variable also has five linguistic 
variables. This makes to have an overall 25 control rules for each of proportional integral (PI) 
parameters, 𝐾𝑝 and  𝐾𝑖. Table 4.1 and 4.2 summarizes the applied rule for 𝐾𝑝 and 𝐾𝑖 
respectively. 
Table 4. 1. Fuzzy rule for 𝐾𝑝 
Error/change in error NB N Z P PB 
NB PB PB P P Z 
N PB P P Z N 
Z PB P Z N NB 
P P Z N N NB 
PB Z N N NB NB 
 
Table 4. 2. Fuzzy rule for 𝐾𝑖 
Error 
/change in error 
NB N Z P PB 
NB NB NB N N Z 
N NB N N Z P 
Z NB N Z P PB 
P N Z P P PB 
PB Z P P PB PB 
 
To have an understanding to a machine the crisp output value is needed. In the process of 
Fuzzification like inference and composition, it is not possible to get a clear crisp output. Now 
it is necessary to have an additional process called as defuzzification which drives the real 
numbers from the fuzzify parameter and soften systems for a controlling application. To sum 
up defuzzification is a process of converting fuzzy grade to crisp output as we can discuss in 
the introduction part of the fuzzy logic control. The most well-known defuzzification method 
are [42]. 
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  Max-height  method 
 Mean of max method 
 Centre of gravity method or centre of area method 
Even though thus the three methods are popular, the centre of gravity method (CGM) is the 
most often used defuzzification technique in control application due to its two advantages over 
other methods. The first advantage is that it is not only processes membership function 
maximum values, but it includes its complete flow [42]. The second advantage of this method 
is a relatively simple way of calculating crisp values for 𝑦𝑜. 
𝑦𝑜 =
∫ 𝜇𝐵(𝑦)
 
𝑦
∗  𝑦  𝑑𝑦
∫ 𝜇𝐵(𝑦)
 
𝑦
  𝑑𝑦
                                                                              (4.5) 
From the rule viewer we can record that the variation of the tuned 𝐾𝑝 and 𝐾𝑖 parameters from 
fuzzy logic controller output. 
Table 4. 3. Tuned parameters of 𝐾𝑝 and 𝐾𝑖 from fuzzy outputs.  
Error, e Change in error, de Proportional constant, 𝑲𝒑 Integral constant, 𝑲𝒊 
0 0 0.0897 1 
-1 -10 0.179 1.79 
-0.5 -5 0.146 0.812 
-0.1 -1 0.102 0.874 
0.1 1 0.08 1.1 
0.2 2 0.072 1.18 
0.5 5 0.0393 1.5 
1 10 0.021 1.79 
-1 10 0.0897 1 
-0.5 9 0.0696 1.2 
-0.6 8 0.0832 1.06 
0.6 -7 0.0924 0.974 
0.1 -10 0.157 0.362 
0.8 -0.6 0.0494 1.37 
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The proposed pitch angle control strategy Simulink block is shown in figure 4.7. 
 
Figure 4. 7. Simulink block of proposed pitch angle control. 
4.7. MPPT Control  
The control of a variable-speed wind turbine below the rated wind speed is achieved by 
controlling the generator. The main goal is to maximize the wind power capture at different 
wind speeds, which can achieved by adjusting the turbine speed in such a way that the optimal 
tip speed ratio is maintained [2]. 
The amount of power output from a wind energy conversion system (WECS) depends upon 
the accuracy with which the peak power points are tracked by the maximum power point 
tracking (MPPT) controller of the WECS control system [21]. MPPT techniques can be 
classified in to three main control methods. These are hill-climb search (HCS), power signal 
feedback (PSF) and tip speed ratio (TSR).     
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4.7.1. Power Signal Feedback (PSF) Control 
In this MPPT technique the knowledge of the wind turbine’s maximum power curve is needed 
and track this curve through the applied control mechanism [21]. Once this reference power is 
obtained from the power curve for a particular wind speed, a comparison with the present power 
yield is done. The error produced then drives the applied control algorithm [22]. The main 
drawback of this method is that the maximum power curve should be obtained by simulations 
or experimental test. Thus it is complex to implement [20]. The PSF control block generates 
the optimal power command 𝑃𝑜𝑝𝑡 which is then applied to the grid side converter control 
system for maximum power extraction as follow. The general block is described in figure 4.8. 
𝑝𝑜𝑝𝑡 = 𝐾𝑜𝑝𝑡 ∗ 𝑟
3                                                                                              (4.6) 
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Figure 4. 8. Power signal feedback based MPPT control of WECS [23]. 
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4.7.2. Hill-Climb Search (HCS) Control 
The HCS control algorithm, [21], [23], continuously searches for the peak power of the wind 
turbine. It can overcome some of the common problems normally associated with the other two 
methods. The tracking algorithm, depending upon the location of the operating point and 
relation between the changes in power and speed, computes the desired optimum signal in order 
to drive the system to the point of maximum power as described in figure 4.9. 
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Figure 4. 9. Hill-climb search based MPPT control of WECS [23]. 
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4.7.3. Tip Speed Ratio (TSR) Control 
The TSR control method regulates the rotational speed of the generator in order to maintain 
the TSR to an optimum value at which power extracted is maximum. This method requires 
both the wind speed and the turbine speed to be measured or estimated in addition to requiring 
the knowledge of optimum TSR of the turbine in order for the system to be able to extract 
maximum possible power [23]. The general block of TSR method is shown in figure 4.10. 
λ- opt/R
Wind speed
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Gear Box PMSG
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+ω*
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             MPPT
ωr
controller
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DC
DC
DC
       Boost 
            converter
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Figure 4. 10. Tip speed ratio based MPPT control of WECS [23]. 
Among the above discussed methods of MPPT, adaptive fuzzy PI based tip speed ratio is 
proposed in this work. The MPPT control technique uses error and change in error of generator 
speed from its tip speed ratio based reference speed as inputs of the fuzzy logic and the outputs 
of the fuzzy logic is used as the tuned 𝐾𝑝 and 𝐾𝑖 parameters of the PI controller. The output of 
the tuned 𝐾𝑃 and  𝐾𝑖 parameters are in turn used as a reference inductance current, 𝑖𝑙 ∗  of the 
boost converter. This reference current, 𝑖𝐿 ∗  is compared with the measured current passing 
through the inductor of the boost circuit. The error between the two currents feed to the discrete 
PI controller and finally the PI controller generates the duty cycle for a PWM generator. And 
now the PWM generated here is applied for an IGBT switch of the boost DC to DC converter. 
The complete design of the boost converter is discussed in chapter three section 3.4.2.3.  
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                                                                  (a) 
 
                                                                  (b) 
 
                                                                 (c) 
 
(d)                                                                                                                                            
Figure 4. 11. Membership function plot of, (a) error.   (b) Change in error. (c) 𝐾𝑝  (d) 𝐾𝑖 
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Both a triangular and a trapezoidal membership functions are chosen for a MPPT control. All 
the fuzzy logic processes are not repeated here to reduce the redundancy since they are 
discussed in section 4.1 of this work. The membership function plot and the applied rules are 
shown in figure 4.11.   
The if-then rule is the realization of the inference procedure which, in a way, changes fuzzy 
and crisp information in to shapes that the human describes as possible. In the proposed fuzzy 
system, seven fuzzy sets have been considered for variables: negative big (NB), negative 
medium (NM), negative small (NS), zero (ZE), positive small (PS), positive medium (PM), 
and positive big (PB). The controller consists of the following steps. The first step is 
determining the control inputs. This is followed by setting up the rules and finally designing a 
method to convert the fuzzy result of the rule in to meaning full crisp value called as 
defuzzification.  Table 4.4 and 4.5 summarizes the fuzzy rule table for parameter 𝐾𝑝  𝑎𝑛𝑑  𝐾𝑖. 
Table 4. 4. Fuzzy rule table for 𝐾𝑝 (MPPT) 
error dot/error NB NM NS ZE PS PM PB 
NB PB PB PB PB PM PS ZE 
NM PB PB PB PM PS ZE NS 
NS PB PB PM PS ZE NS NM 
ZE PB PM PS ZE NS NM NB 
PS PM PS ZE NS NM NB NB 
PM PS ZE NS NM NB NB NB 
PB ZE NS NM NB NB NB NB 
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 Table 4. 5. Fuzzy rule table for 𝐾𝑖 (MPPT) 
error dot/error NB NM NS ZE PS PM PB 
NB NB NB NB NB NM NS ZE 
NM NB NB NB NM NS ZE PS 
NS NB NB NM NS ZE PS PM 
ZE NB NM NS ZE PS PM PB 
PS NM NS ZE PS PM PB PB 
PM NS ZE PS PM PB PB PB 
PB ZE PS PM PB PB PB PB 
 
Figure 4. 12. Simulink block of MPPT control of an interleaved boost converter. 
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CHAPTER FIVE 
Simulation Results and Discussions 
In this chapter, simulation result and discussion of the performance of the proposed controller 
in comparison with the conventional PI controller is discussed. The overall Simulink block of 
the proposed system is shown in figure 5.1. The Simulink block contains sub-blocks of wind 
turbine model, drive train model, PMSG model, speed control model and such related models. 
The details of each block is explained in the previous chapters.  
 
 
 
Figure 5. 1. Simulink block of overall proposed system. 
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Due to its irregular nature of the wind speed, the wind generation has many fluctuations. In this 
work, the applied wind speed is approximated in to equation 5.1 using sine functions from the 
practical recorded data (Ref. Appendix A) through trial and error. 
𝑉𝑤(𝑡) = 12.38 + 0.87 sin (
4
2.5
𝑡) + 0.75 sin (
4
3
𝑡) − 0.625 sin (
4
6.5
𝑡) +
0.5 sin (
4
13.5
𝑡) + 0.25 sin (
4
23.5
𝑡) + 0.125 sin (
4
57.5
𝑡)                                                (5.1)        
The proposed control method is applied for a 1.5 MW wind turbine system. The detail 
parameters for both wind turbine and generator are described in the appendix B and a software 
used for a simulation is a MATLAB/Simulink.  
 
Figure 5. 2. Wind speed profile. 
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For the applied wind speed input of figure 5.2, the generator speed response of both the 
proposed system and the conventional controller (PI) are shown in figure 5.3. The reference 
speed is generated from the tip speed ratio calculation. The optimal tip speed ratio =6 is chosen 
for this particular simulation. It is seen from figure 5.3 the proposed system response is faster 
than the conventional one. In addition to this, the response of the proposed system tracks the 
reference generator speed better than the conventional one. 
 
Figure 5. 3. Generator speed. 
It is clear that, the pitch angle of the blade turbine should be varied for a varied wind speed to 
keep the optimal output power as it is stated in the previous chapters. The higher the wind 
speed should followed by the higher pitch degree. And hence, from the simulation result it is 
seen that the wind speed profile oscillates between a certain maximum and minimum values. 
Then the pitch angle response increase and decrease accordingly similarly to the wind speed 
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profile. The pitch angle response for both the proposed system and the conventional PI 
controller has almost the same range. 
 
Figure 5. 4.  Pitch angle variation of a turbine blade. 
However, the result of the magnitude of the pitch angle (In degree) in the proposed system is a 
little smaller than the magnitude in a conventional PI controller for each instant time. As a 
result this leads to have a good advantage to extract optimum maximum power. In addition to 
this, the response of the PI controller is highly oscillatory compared to the response of the 
proposed system for every wind speed changes from maximum to minimum or vice versa.   
Conversely, the power coefficient is inversely proportional to the pitch angle. As the pitch 
angel increases the power coefficient, 𝐶𝑝 decreases. That is the power coefficient is high for a 
low wind speed and low for a high wind speed. From figure 5.2 and 5.5, it is easy to analyize 
the response of the power coefficient is maximum for a low wind speed ranges and minimum 
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for a high wind speed ranges accordingly. The proposed system has a faster response compared 
to the conventional one as it is seen in figure 5.5.  
The power coefficient of the PI controller is highly oscillatory and the response with proposed 
system behaves more stable relative to power coefficient response of a traditional PI controller. 
To sum up, the response of the proposed system is better since the final goal is to extract 
maximum smooth power.     
In the previous chapter (chapter three), the nominal mechanical power of the turbine is adopted 
to the rated power of the generator.  That is, for both the generator and the turbine the rated 
power is 1.5 MW. As a result, it is seen from the simulation result in figure 5.6 and 5.8, the 
actual results of the mechanical power and the generator active power are below rated value 
after a certain simulation time. This implies that the pitch angle control strategy is effective for 
a power regulation as well as to protect the rotor and the generator from damage and fatigue.   
 
Figure 5. 5. Power coefficient, 𝐶𝑝 response 
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Figure 5. 6. Mechanical power,𝑃𝑚 
 
Figure 5. 7. Three phase output voltage of a PMSG 
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From figure 5.6, it is clear that the response with a proposed controller reacts faster and has an 
average of maximum power is delivered compared to the traditional PI controller. In chapter 
three, it is stated that the actual mechanical power is highly dependent on the power coefficient. 
And here it is easy to noticed that the mechanical power, 𝑃𝑚 result is not violate the respective 
variation of the response with respect to the variation of the power coefficient, 𝐶𝑝 . It is seen 
that both of the proposed and PI pitch angle control regulates the output mechanical power 
below rated value, 1.5 MW. But an average of smooth maximum power is extracted in the 
proposed system compared to the result of conventional PI controller.  
The amplitude of a three phase output voltage of a PMSG shown in figure 5.7 is varied with 
respect to the variation of the wind speed. The higher the wind speed has the higher amplitude 
of three phase output voltage. For instance, from the time 3 to 4 sec in figure 5.2, the wind 
speed profile is high. Similarly the three phase output voltage is high accordingly for a time 
range of 3 to 4 sec. 
The active power of the generator is shown below in figure 5.8. From the result, one can 
understand the response with adaptive fuzzy PI controller reacts faster and more active power 
is delivered than the system with conventional PI controller. It is also noticed that the response 
with the proposed system is smooth compared to the conventional controller. 
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Figure 5. 8. Active power of PMSG. 
The three phase output voltage of the generator in figure 5.7 is feed to the uncontrolled rectifier. 
The rectifier then rectifies to a DC voltage of the form in figure 5.9. This rectified voltage is 
then passed through a DC link capacitor and used as an input voltage of a pulse controlled DC 
to DC boost converter. Finally the boost converter boosts the rectified voltage and gives an 
acceptable result shown in figure 5.10.  
72 
 
 
Figure 5.9. Rectified output voltage of a PMSG. 
  
Figure 5.10. Output voltage of a DC to DC boost converter.   
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CHAPTER SIX 
Conclusion and Recommendation 
6.1. Conclusion 
The proposed wind energy conversion system has been simulated with a MATLAB/Simulink 
software to check the control strategy and evaluate the performance of the system.  
In this thesis work, a design of adaptive fuzzy PI controller for a pitch angle and MPPT has 
been investigated. By using adaptive fuzzy PI controller, where the PI gains are tuned by using 
fuzzy logic concepts, the results showed that this design can effectively controls both the pitch 
angle and tip speed ratio based generator speed tracking. The result of the proposed system is 
compared with the conventional PI controller and the effectiveness is tested. From the analysis, 
it is possible to conclude adaptive fuzzy PI controller gives relatively fast and less oscillatory 
response for the applied input. For a proposed controller, the variation of the pitch angle is 
smooth and magnitude of the pitch degree for a particular wind speed has a smaller value 
compared to the traditional PI controller. Consequently, adaptive fuzzy PI strategy delivers 
maximum available power relative to the conventional one by keeping both the rotor and the 
generator from damage which in turn implies the effectiveness of the proposed system again. 
To sum up, the strategy used in this thesis gives the expected outcomes and shows better result 
over PI controller alone.  It is seen that from the simulation results the rectified output is a little 
disturbed. It is not clearly rectified as like the one shown in chapter three, which is the ideal 
output for a certain stable three phase voltage source. However, this unclear rectification is 
happen due to the fact that the magnitude of the three phase output voltage of the generator is 
varied with respect to the variation of the applied wind speed.     
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6.2. Recommendation       
   The recommendation of this thesis for a future work is as follows. 
In this work, the wind speed used is considered as measured directly through an expensive 
anemometer due to time to analysis or estimate the wind speeds from other parameters of the 
turbine. However, for a future work it is recommended to estimate the wind speed in order to 
avoid the expensive cost of a mechanical sensor which has an advantage to minimizing the 
initial cost during implementation.  
In this thesis, the applied pitch angle control strategy is common for all the three blades. 
However, by considering the model of all the three blades independently, it is recommended 
to use individual pitch control method along with the adaptive fuzzy PI controller to improve 
the overall performance of the system. In addition to this, this thesis work only shows the 
effectiveness of the proposed system only in MATLAB/Simulink computer simulation. But it 
is recommended that to show the effectiveness again by implementing the real system for future 
works. 
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Appendix 
A. Codes 
#.1.Power coefficient curve plotting code 
%=====================================% 
Cp=zeros() 
i=input('enter the number of d/t B') // number of used pitch angles (in number) for a plot 
for j=1:i 
 B=input('enter the value of B') // used pitch angles (in degree) for a plot 
for L=1:1:15 
I=1/((1/(L+0.08*B))-0.035/(B^3+1)) 
Cp(1,L)=(0.5176*((116/I)-0.4*B-5)*exp(-21/I))+0.0068*L 
end 
plot(Cp) 
hold on 
xlabel('Tip speed ratio') 
ylabel('power Coefficient, Cp') 
grid on 
 
#.2. Mechanical power versus generator speed curve plot code  
%======================================% 
Cp=zeros() 
p=1.225 
R=35; 
j=input('no of Vw') 
i=input('enter the number of d/t pitch angles,B') 
for k=1:j 
    V=input('enter the value of wind speed,Vw')%11.5 12.5 13.5  
for j=1:i 
  B=input('enter the value of pitch angle B')%3 7 8 9 
end 
for w=1:1:70; 
    L=w*R/V; 
I=1/((1/(L+0.08*B))-0.035/(B^3+1)); 
Cp(1,w)=(0.5176*((116/I)-0.4*B-5)*exp(-21/I))+0.0068*L; 
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Pm(1,w)=0.5*p*pi*R^2*Cp(1,w)*(V^3); 
end 
plot(Pm) 
hold on 
xlabel('Generator speed') 
ylabel('Mechanical Power, Pm') 
grid on 
end 
#.3. Wind speed data 
Table A.1. Wind speed data 
12.59 11.25 12.37 14.40 12.84 13.64 13.03 12.01 11.73 
12.81 11.11 12.61 14.34 12.81 13.70 12.91 12.01 11.67 
13.01 11.00 12.86 14.26 12.80 13.74 12.80 12.01 11.61 
13.20 10.92 13.10 14.16 12.80 13.77 12.68 12.01 11.55 
13.37 10.88 13.33 14.05 12.82 13.79 12.58 12.01 11.49 
13.52 10.86 13.54 13.92 12.86 13.79 12.48 12.02 11.44 
13.64 10.86 13.74 13.79 12.91 13.77 12.39 12.01 11.39 
13.73 10.94 13.92 13.66 12.98 13.74 12.30 12.01 11.34 
13.79 11.03 14.08 13.52 13.05 13.69 12.23 12.00 11.31 
13.81 13.81 11.16 14.20 13.39 13.14 13.62 12.17 11.98 
12.23 11.31 14.31 13.27 13.22 13.55 12.12 11.96 11.29 
12.01 11.48 14.38 13.15 13.31 13.46 12.08 11.92 11.29 
11.80 11.68 14.43 13.05 13.40 13.36 12.05 11.88 11.32 
11.60 11.90 14.44 12.96 13.49 13.25 12.03 11.84 11.49 
11.41 12.13 14.43 12.89 13.57 13.14 12.02 11.79 11.57 
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B. Parameters used 
 
Table B. 1. Parameters of wind turbine. 
parameter value 
Rotor radius, R 35 m 
Air density,  1.225 kg/m3 
Cut-in wind speed 4 m/s 
Rated wind speed 12.38 m/s 
Cut-out wind speed 25 m/s 
Optimal tip speed ratio, opt 6 
Optimal power coefficient, 𝐶𝑝 0.2656 
No of rotor blades 3 
 
 
 
Table B. 2. Parameters of permanent magnet synchronous generator 
parameter value 
Resistance, Rs 0.00005  
d-axis inductance ,Ld 0.0055 H  
q-axis inductance, Lq 0.00375 H 
Number of pole pair, np 26 
Rotational damping, D 0 
Equivalent inertia, Jeq 10000 kg.m
2 
Rated power,Prated 1.5 MW 
Rated stator frequency, fs 10.18 Hz 
Rated Speed 23.5 rpm 
 
 
 
                   Table B. 3. Parameters of DC to DC boost converter 
Parameter  value 
Inductance of boost converter 12.25 mH 
Capacitance of boost converter 4.725 mH 
Dc link capacitor 1mF 
Load resistance 66.67  
Switching frequency  2 kHz 
 
 
